The SD BIOLINE HIV/Syphilis Duo assay is the first World Health Organization prequalified dual rapid diagnostic test for simultaneous detection of HIV and Treponema pallidum antibodies in human blood. Prior to introducing the test into antenatal clinics across South Sudan, a field evaluation of its clinical performance in diagnosing both HIV and syphilis in pregnant women was conducted. SD Bioline test performance on venous blood samples was compared with (i) Vironostika HIV1/2 Uniform II Ag/Ab reference standard and Alere Determine HIV 1/2 non-reference standard for HIV diagnosis, and (ii) Treponema pallidum hemagglutination reference standard and Rapid plasma reagin non-reference standard for syphilis. Sensitivity, specificity, positive predictive value (PPN), negative predictive value (NPV) and kappa (κ) value were calculated for each component against the reference standards within 95% confidence intervals (CIs); agreements between Determine HIV 1/2 and SD Bioline HIV tests were also calculated. Of 442 pregnant women recruited, eight (1.8%) were HIV positive, 22 (5.0%) had evidence of syphilis exposure; 14 (3.2%) had active infection. For HIV diagnosis, the sensitivity, specificity, PPV and NPV were 100% (95% CI: 63.1-100), 100% (95% CI: 99.2-100), 100% (95% CI: 63.1-100) and 100% (95% CI: 99.2-100) respectively with κ value of 1 (95% CI: 0.992-1.000). Overall agreement of the Duo HIV component and Determine test was 99.1% (95% CI: 0.977-0.998) with 66.7% (95% CI: 34.9-90.1) positive and 100% (95% CI: 0.992-1.000) negative percent agreements. For syphilis, the Duo assay sensitivity was 86.4% (95% CI: 65.1-97.1) and specificity 100% (95% CI: 99.1-100) with PPV 100% (95% CI: 82.4-100), NPV 99.2% (95% CI: 97.9-99.9) and κ value 0.92 (95% CI: 0.980-0.999). Our findings suggest the SD Bioline HIV/Syphilis Duo Assay could be suitable for HIV and syphilis testing in women attending antenatal services across South Sudan. Women with positive syphilis results should receive treatment PLOS ONE | https://doi.org/10.1371/journal.pone
immediately, whereas HIV positive women should undergo confirmatory testing following national HIV testing guidelines.
Background
Globally, an estimated one million syphilis infections [1] and 1.5 million human immunodeficiency virus (HIV) infections [2] occur in pregnant women annually. Approximately 30% of pregnant women with untreated syphilis will have stillbirths or neonatal death, and another 30% will deliver babies with congenital syphilis, a condition with a mortality of up to 50% [3] . Syphilis infection during pregnancy also increases the risk of mother-to-child transmission (MTCT) of HIV [4] . Syphilis infection in adults causes epithelial and mucosal breaches facilitating sexual transmission of HIV virions. In addition, Treponema pallidum (T. pallidum) and its pro-inflammatory components induce expression of chemokine receptor type 5 (CCR5) on human monocytes, thereby enhancing the susceptibility of these cells to HIV infection [5] . Early screening and effective treatment of syphilis cures syphilis in pregnancy and prevents congenital syphilis and neonatal deaths [6] . Integrating rapid syphilis testing into national HIV programmes in South Sudan would prevent an estimated 1,125 congenital syphilis cases and 1,223 stillbirths and neonatal deaths annually, with a potential cost saving of 525,000 USD [7] . Timely HIV diagnosis in pregnant women is crucial for effective prevention of MTCT and optimal clinical management of HIV [2] . Screening for HIV and syphilis in pregnant women is recommended by the World Health Organization (WHO) to reduce the morbidity and mortality associated with these undiagnosed and untreated infections [8] .
In South Sudan, syphilis and HIV continue to be major public health concerns. Sentinel surveillance at antenatal clinics has estimated the prevalence of syphilis and HIV at 8.3% and 2.6% respectively in pregnant women [9] . In 2011, the country introduced concurrent HIV and syphilis screening of pregnant women using separate HIV and T. pallidum rapid diagnostic tests (RDT) but often pregnant women are not screened for syphilis due to shortage of test kits. Recently, the SD BIOLINE HIV/Syphilis Duo RDT (Standard Diagnostics, Inc. Yongin, Gyeonggi, South Korea) was developed for simultaneous detection of HIV and syphilis infections in human serum, plasma or whole venous or capillary blood. The Duo RDT is designed to qualitatively detect IgG, IgM and IgA antibodies to HIV-specific antigens (HIV-1 gp41, sub O, HIV-2 gp36) and specific IgM and IgG antibodies to a 17 kilodalton recombinant T. pallidum antigen (rTp17 kDa). This assay is user friendly, has a turnaround time of about 25 minutes and costs approximately 2 USD per test, compared to current techniques that cost 2 USD for TPHA and 3-10 USD to complete the HIV algorithm [10] . Although the SD BIOLINE HIV/syphilis Duo RDT is WHO prequalified [11] , its diagnostic usefulness has not been evaluated in South Sudan. To adopt this assay for routine use in antenatal clinics across the country, a field evaluation of its clinical performance in diagnosing both HIV and syphilis in pregnant women was undertaken.
Methods and materials

Study design, sites and population
This field-based cross-sectional study was conducted at Juba Teaching Hospital, and Munuki, Gurei and Nyakuron Primary Health Care Centres in Juba, South Sudan. At each facility, midwives identified eligible participants among pregnant women attending routine antenatal care (ANC) services and recorded their characteristics in ANC cards and registers. 
Inclusion criteria
Pregnant women aged 15-49 years presenting for their first ANC visit and who consented to participate in the study.
Exclusion criteria
Participants presenting for second or further ANC visits and those who refused to provide informed written consent.
Sampling method and sample size
A convenience sampling technique was used to recruit 442 participants into the study over a period of three months.
Blood collection and testing at ANC sites
Using an aseptic technique, 5 mL of venous blood was collected from each participating pregnant woman into a pre-labelled plain vacutainer tube by pre-trained midwives. Midwives performed and interpreted the SD BIOLINE HIV/Syphilis Duo assay according to the manufacturer's instructions (Standard Diagnostics, Inc. Yongin, Gyeonggi, South Korea).
Results were recorded in worksheets, counter-checked by a technician and sealed in envelopes.
The remaining blood specimens were placed in a cool box and transported together with results to the Public Health Laboratory (PHL) in Juba for further testing and data analysis.
Laboratory testing at Public Health Laboratory (PHL)
Blood specimens were centrifuged (Thermo SCIENTIFIC, CL10 Centrifuge) at 1000 rpm for 5 minutes and serum transferred into 1.5 mL pre-labelled Eppendorf tubes. If testing was not done on the same day of specimen reception, sera were kept at 2-8˚C for not more than 24 hours before analysis. Each serum specimen was tested for syphilis using the Rapid plasma reagin (RPR) test (Fortress Diagnostics Limited, Antrim, UK) as a non-reference standard and a reference standard Treponema pallidum hemagglutination (TPHA) assay (BIOTEC Lab21 Healthcare Ltd, Dorset, UK) by two independent technicians blinded to each other's results and the results of the Duo assay. RPR reactive samples were titrated in two-fold serial dilutions to obtain endpoint titre values. For HIV reference testing, all specimens were tested with Vironostika HIV1/2 Uniform II Ag/Ab assay (Biomérieux SA, Marcy-I Etoile, France) and positive specimens retested in duplicate wells. The specimens were also tested for HIV using a non-reference standard, the Alere Determine HIV1/2 assay (Alere Medical Co. Ltd., Matsuhidai, Matsudo-shi, Chiba, Japan). Reactive specimens were confirmed with the Uni-Gold Recombinant HIV1/2 assay (Trinity Biotech, Bray, Ireland). All test procedures were conducted following the manufacturer's instructions for each test. For both the Determine/Uni-Gold HIV1/2 combination and Vironostika HIV1/2 Uniform II Ag/Ab tests, testing was conducted by independent laboratory technicians blinded to each other's results and the results of the Duo assay.
Data analysis
All test results were entered into an Excel spreadsheet and reviewed for accuracy prior to data analysis. Sensitivity, specificity, Cohen's kappa coefficient (κ value), positive predictive value and negative predictive value of the Duo kit were calculated using OpenEpi, Version 3.01. To compare results of the Duo HIV test component with results of the Determine HIV 1/2 screening test of the national HIV test algorithm, overall test agreement was calculated. The samples for which there was agreement for both positive and negative test results were summed and divided by the total number of samples tested. To differentiate agreements between positive and negative results, the positive percent agreement and the negative percent agreement were calculated using a 2 by 2 table. This method was chosen because it allows comparison of tests in which neither is a reference standard [12, 13] . The 95% confidence intervals (CIs) for each diagnostic parameter were calculated using an exact binomial method.
Ethical considerations
Study approval was granted by the Research and Ethics Committee of the Ministry of Health, Republic of South Sudan. The Committee considered and approved the study as no risk to foetuses. Recruitment into the study was voluntary and each enrolled participant provided informed written consent. To maintain confidentiality, study data were protected by removing personal identifiers. Unique identification numbers assigned to each participant by the midwives accompanied the specimens and results for reference testing and analysis at the PHL.
Results
Four hundred and forty two (442) venous blood specimens were collected from pregnant women, and tested and analysed between June and August 2016. Eight (1.8%) of 442 pregnant women were HIV positive, 22 (5.0%) had evidence of syphilis exposure while 14 (3.2%) of these were active infections. These results together with the sensitivity and specificity of the SD Bioline Duo test are shown in Table 1 .
The SD Bioline Duo test resulted in three false negative syphilis results which were RPR reactive with titre values between 1 in 4 and 1 in 16. Fourteen of the 22 TPHA positive specimens were RPR reactive suggesting active syphilis infection while eight were RPR non-reactive implying previous infection. The titre values for all 14 RPR reactive specimens ranged from 1 in 2 to 1 in 32. The SD Bioline Duo test only detected T. pallidum antibodies in 11 of the 14 RPR reactive specimens and in all the eight RPR non-reactive specimens.
The Determine HIV 1/2 screening test detected 12 reactive specimens while eight of these specimens tested HIV positive on the Duo test as shown in 
Discussion
The present data showed overall good clinical performance of the SD BIOLINE HIV/Syphilis Duo RDT for detection of both HIV and syphilis antibodies in pregnant women attending The HIV component of the Duo RDT had a sensitivity of 100% (95% CI: 63.1 to 100) and specificity of 100% (95% CI: 99.2 to 100). The concordance of the HIV component of the Duo RDT with HIV 1/2 Uniform II Ag/Ab reference assay was almost perfect (kappa 1.0 (95% CI: 0.992 to 1.000)). These findings are consistent with the results of similar studies [10, [14] [15] [16] [17] . Globally, HIV RDTs, including some with lower field evaluation sensitivity and specificity compared with laboratory evaluations, have remained the mainstay of HIV diagnosis [18, 19] . WHO recommends at least 99% sensitivity and 98% specificity for HIV antibody RDTs [20] ; the Duo RDT HIV component met this requirement in our field evaluation and therefore would be a good alternative screening test for HIV antibodies.
When the results of the SD Bioline Duo HIV test component were compared with the national HIV test algorithm's screening test (Alere Determine), the Determine detected 12 reactive specimens while the Duo test detected 8 HIV positive specimens. This resulted in 99.1% (95% CI: 97.7-99.8) overall agreement with 66.7% (95% CI: 34.9 to 90.1) positive percent agreement and 100% (95% CI: 99.2 to 100) negative percent agreement. The positive percent agreement differed from that of Olugbenga et al. [21] but agreed with the negative percent agreement probably due to the four discordant results in this study. Besides, Olugbenga et al. compared the performance of the duo test HIV component with the national HIV test algorithm unlike this study. Four of the specimens that formed part of the agreement data analysis (Table 2 ) tested reactive with HIV Determine but tested negative with Uni-Gold, the confirmatory test in the South Sudan national HIV test algorithm. However, these four specimens also tested negative with the Vironostika HIV1/2 Uniform II Ag/Ab reference standard and were thus interpreted as negative specimens (Table 1) . Therefore, in addition to the low false positive rate of the Duo test HIV component, taken together, these results suggest the Duo test could play a vital role in the South Sudan National HIV test algorithm.
In South Sudan, the T. pallidum Duo RDT component showed good sensitivity at 86.4% (95% CI: 65.1 to 97.1) and 100% (95% CI: 99.1 to 100) specificity with almost perfect concordance (kappa 0.92 (95% CI: 0.980 to 1.000)). These results are comparable to results of similar studies from other countries (Table 3) [8, 10, 11, 17, 22] .
Differences in results could be explained by specimen type, study design, reference method or disease stage as reported for syphilis single RDTs [23] [24] [25] [26] [27] . Following syphilis infection, early immune responses are directed against TpN47, followed by TpN15 and TpN17 antigens [28] , so this could further explain the low sensitivity of the Duo RDT since it contains recombinant Tp17 antigen only. ¥Tested negative on Uni-Gold HIV1/2 test, the confirmatory test for the National HIV test algorithm and negative on the HIV reference standard.
https://doi.org/10.1371/journal.pone.0205383.t002
Field evaluation of SD BIOLINE HIV/Syphilis Duo rapid diagnostic test among pregnant women
If we had used the syphilis test algorithm of RPR screening followed by TPHA confirmation of reactive specimens, eight specimens would have tested false positive with the Duo assay. This approach could have decreased the Duo kit sensitivity to 78.6% (11/14) and specificity to 98.1% (420/428). The International Diagnostics Centre recommends the target product profile (TPP) for an ideal dual HIV/syphilis RDT, treponemal test component to have a minimum sensitivity of 75% and specificity of 90% [29] which agree with the results from this study. In routine syphilis diagnosis, the SD Bioline Duo RDT results would require confirmatory RPR testing before treatment initiation. However, for screening for the presence of treponemal antibodies in pregnant women, RPR confirmation for active infection may not be necessary since all pregnant women with a positive treponemal test are treated immediately because the risks associated with untreated syphilis outweigh the minimal costs and risk of over-treatment of mothers with a false positive result [30] . Studies in prenatal populations have documented that RPR titres ! 1in 8 could be important for pregnant women as this has been significantly associated with adverse pregnancy outcomes [31] .
Three out of the 14 RPR reactive and TPHA positive specimens tested negative with the Duo test syphilis component. Of these three, one had a low RPR titre of 1 in 4 while the other two had higher titres of 1 in 16. We could not explain these results which differed from Black et al. [17] who found specimens with high RPR titres (! 1 in 8) are likely to test positive for T. pallidum antibodies with the Duo test. On the other hand, taking a titre of ! 1 in 8, the Duo test would have had 77.8% (7/9) sensitivity but 80% (4/5) sensitivity if a titre of 1 in 4 was considered, excluding the eight RPR non-reactive but TPHA positive specimens. These results are not dissimilar to those of Causer et al. who found sensitivity of 94.6% with a titre of ! 1 in 8 and 76.3% for a titre of 1 in 4 for a single Bioline syphilis RDT [24] . Due to the inconsistency in RPR values compared with the Duo test's ability to detect antibodies, we think it would be appropriate to compare TPHA but not RPR results with the performance of the Duo test, as shown by Zorzi et al. This study documented that for Treponema pallidum particulate agglutination (TPPA) test titres >1 in 1280, the misclassification rate for the syphilis treponemal tests would be very low [32] . This finding is consistent with the treponemal antigen-based syphilis testing component of the Duo test. In this study, we did not determine TPHA titres making comparison of our results with Zorzi et al. not possible. Given the paucity of studies comparing the performance of syphilis treponemal RDTs based on different TPHA/TPPA titre cut off values, we suggest evaluation studies be undertaken to assess the potential impact of different TPHA/TPPA titre cut-off values on the performance of the SD Bioline Duo treponemal test component or any RDT treponemal test as opposed to comparing it to RPR titre values.
Study limitations include: Using venous blood specimens drawn from participants for multiple analyses such as ABO Rh grouping and haemoglobin estimation instead of capillary blood considering field use. However, since published data in the literature show good diagnostic accuracy with capillary blood as recommended by the manufacturer, we would not hesitate to advise our facilities to use capillary blood when needed. Secondly, although the SD Field evaluation of SD BIOLINE HIV/Syphilis Duo rapid diagnostic test among pregnant women Bioline Duo kit is promising in terms of diagnostic accuracy, the sensitivities and positive predictive values, although not dissimilar from those reported in the literature, may be imprecise due to the small number of positive samples for HIV and syphilis infections tested in this study.
Conclusion
The SD BIOLINE HIV/syphilis Duo RDT showed good clinical field performance with venous blood specimens from pregnant women attending antenatal clinics in Juba, South Sudan; having almost perfect concordance with the reference standards. The Duo RDT performed better for HIV than for syphilis diagnosis. It also performed better than the Determine HIV 1/2 screening test in terms of ruling out an HIV infection. This RDT kit offers an opportunity for simultaneous screening of both HIV and syphilis in pregnant women across our antenatal care and prevention of mother to child transmission (PMTCT) programs. However, for country wide rollout, a performance evaluation of the South Sudan National HIV test algorithm with a consideration of the SD BIOLINE HIV/syphilis Duo RDT as a first test is recommended.
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